INTRODUCTION
The capillary wall in skeletal muscle has played a significant role in the exploration of capillary physiology ever since the time of Krogh who used it as a paradigm for the concept of a tissue cylinder being supplied from a central capillary (Krogh, 1919) . Later, the first quantitative determinations of capillary permeability were carried out on skeletal muscle capillaries (Pappenheimer et al., 1951; Pappenheimer, 1953) and the pore theory grew out of these studies. The early permeability values have sometimes been questioned and although many studies have been carried out on skeletal muscle some doubt remains concerning the true permeabilities to low molecular weight hydrophilic solutes (Renkin and Curry, 1978, Crone and Levitt, in press ). The primary source of uncertainty in permeability values in whole organs is the value of surface area through which diffusion takes place. In skeletal muscle the assessment of capillary surface area is particularly difficult because the number of perfused capillaries may vary depending on the metabolic rate of the tissue (Renkin et al., 1966; Paaske, 1977; Hudlicka et al., 1982) . Also heterogeneity of perfusion (Tyml et al., 1981) limits great precision in permeability determination because diffusion may be flow limited in some capillaries and not in others. Some investigators study fully dilated capillary beds, whilst others have been working on unmedicated preparations. For these and other reasons alternative approaches to capillary permeability in muscle are needed. The of the problems connected with whole organ approaches are avoided. This paper reports studies on single muscle capillaries with a newly developed electrophysiological technique which allows determination of the DC-resistance of the endothelium. Because the current is carried largely by Na+, Cl-, HCO3-, and K+ the results can be interpreted in terms of small solute permeability.
THEORY
The basic theory behind determination of capillary wall resistance is the theory for "leaky cables" developed by Hodgkin and Rushton (1946) . According to this theory, membrane resistance can be determined under certain limiting conditions if current can be injected into a cylindrical structure surrounded by a high resistance membrane, the whole structure being submerged in well-conducting saline solution containing the ground leads. When applied to capillaries the elementary theory must be extended and shaped according to the special conditions in different tissues. A prominent problem concerns the conductivity of the medium in which the capillaries are situated in vivo. Specifically, the conductance of the tissues is far from negligible and the configuration of the external electrical field must be taken into account to extract the wall resistance from the measurements of the intracapillary potential profile in response to current injections.
Under ideal conditions (isotropic, well-conducting external medium) the one-dimensional potential profile within a leaky cable in response to a DC-step is V(x) = V(0) exp (-x/X),
where x is the axial distance from the current source. X, the length constant, is equal to /477r, where rm is the membrane resistance per centimeter of capillary length, and ri is the internal resistance per centimeter of capillary length. ri = pi/ra2, where pi is the specific $1.00 resistivity of capillary blood, and a is the radius. Because the specific membrane resistance, Rm, is equal to 27rarm, it follows that Rm ri X2 2ira.
Thus, under ideal conditions, the specific membrane resistance can be calculated if the length constant can be experimentally determined when current is injected into the capillary.
The capillaries at the surface of the frog brain come close to ideal conditions, and their electrical resistance was determined according to Eq. 2 by Crone and Olesen (1982) . On the other hand the topological conditions of the frog mesenteric capillary were such as to require an extensive theoretical treatment to determine their electrical characteristics (Crone and Christensen, 1981) .
Because capillaries in muscle tissue lie buried between cells and are not in free suspension it follows that the experimental situation must be carefully analyzed and, as shown in Appendix A, a rather involved mathematical treatment is required to extract wall resistance from the intracapillary potential profile. The reader is referred to Appendix A for a detailed account of the system as we interpret it, and only the essential points are given here.
The fact that the distributed electrical resistance outside a capillary is of a magnitude comparable to that of the endothelium means that the potential on the outside does not fall to zero or near zero, but that it represents a significant fraction of the potential difference across the capillary wall (in response to intracapillary current injection). The field outside the experimental vessel is shaped by the intracapillary potential that decays axially in the two directions away from the current source because current leaks out into the external medium all along the capillary. We have modeled the problem based upon a theory developed by Eisenberg (1973, 1974 ) for a point source in a leaky cable surrounded by a medium of finite conductivity. One may argue that muscle tissue is not isotropic, but, as will be documented experimentally, the error committed by ignoring tissue anisotropy is tolerable, which may partly be explained by the fact that the superfusate that covers the experimental muscle also contributes to the external resistance.
The result of the analysis is given in Appendix A in a general form. Besides capillary wall resistance the internal potential contour depends on the relation a = ai/aO, where oi is the conductivity of the capillary blood and co is the conductivity of the external medium. The smaller the external conductivity the more shallow is the internal potential profile. The effect of the external finite conductivity becomes larger at increasing distance from the current source so that the internal potential profile ends by being determined mostly by the external medium. However, within a distance of 2-3 length constants the potential profile inside the capillary is determined by the exponential term in Eq. A6 in Appendix A.
The internal potential contour also depends on the conductivities ratio = (am/ai). (a/l), where am is the specific membrane conductivity and a is the membrane thickness. (See Glossary.) The potential field in the external medium is given by Eq. A7, which states that the potential at a given point depends linearly upon the relation ai/ao and also upon exponential terms containing the membrane resistance and the distance perpendicular to the capillary.
The effect of the finite external conductivity is to increase the length constant, X. If the length constant is determined from directly measured potential values it may be 5-15% overestimated, which would give a membrane resistance 10-30% too high. Because the error depends on the two parameters e and a an iterative correction of X and a curve fitting procedure for the best value of a has to be performed for each experiment to obtain the best fitting value of X. As a routine two iterations were performed to find X.
A special problem relates to the potential configuration within the capillary close to the tip of the current electrode. It has been theoretically shown that the potential profile in the vicinity of the current source is strongly nonexponential in all three dimensions (Eisenberg and Johnson, 1970 ) with a much steeper fall. This was also seen by Boulpaep (1972) in a study of the membrane resistance of kidney proximal tubules that have quite low resistances so that the intratubular potential rapidly decays to very low values. The muscle capillary has a length constant that is only 10 times higher than the radius of the vessel, which means that one cannot rely on intracapillary potentials measured at distances closer than -2 vessel radii from the current source, i.e., [25] [26] [27] [28] [29] [30] 
MATERIALS AND METHODS

Preparation
Because most of the experimental details are described in an earlier paper (Crone and Christensen, 1981) where methods for determination of the electrical resistance of endothelium in frog mesenteric capillaries were described, only the main points will be dealt with here, with particular emphasis on the circumstances that are special for work on muscle capillaries.
The experiments were performed on microvessels (arterioles, capillaries, and venules) in the m. cutaneous pectoris (sternocutaneous) of the common frog (Rana temporaria). The muscle was originally used by Adrian and Zotterman (1926) who described the isolation procedure, and later by Neher and Sakman (1976) and Frokjaer-Jensen (1981 The frogs were anesthetized by immersion in 5% urethane solution until their mouth respiration stopped. They were placed on their backs and the skin in the midline from pelvis to sternum was cut. The preparation is fairly simple, cf. Fig. 1 a. The skin on the chest of the frog is removed except for a small piece in which the cephalic end of the muscle is inserted. The origin of the muscle is not interfered with, but the fascial investments on either side are cut through, the dissection being stopped near the caudal region where the supplying and draining vessels entered the muscle in the lateral and lower corner. The muscle, which was now isolated except medially where it inserts on the sternum, was reflected downwards so that the inward side now faced upwards (Fig. 1 b) . The frog was placed on a special frame (which could be fastened to the microscope stage) and supported by sealing wax so that the reflected muscle could be placed over a transparent perspex pillar -1 cm high and 6 mm in diameter. At the front of the pillar the skin at the insertion was fastened by means of small steel pins to a little rubber plate that had been glued to the front side of the upper border of the pillar. This procedure resulted in a preparation that was vigorously perfused, except along the margins and at the end near the skin insertion. As is seen on a section of the muscle (Fig.   1 b) 
Electrical Measurements
Two electrical circuits were in contact with the tissue. One served to deliver current pulses and consisted of a glass microelectrode filled with 2 M KCI and an agar bridge, 2% agar in 2 M KCI (reference electrode). The tip of the microelectrode was -0.5-1 zm with a resistance of 5-10 x 106 Q. The constant current generator delivered maximally 0.5 MA against a resistance of 20-30 x 106 U. Usually current pulses of 0.2-0.4 MA were delivered. It was continuously controlled so that the generator was not overloaded by sudden increases in external resistance.
The potential-measuring circuit consisted of a similar agar bridge and a glass microelectrode, both connected to the input of a high-impedance differential electrometer. The output from the electrometer was fed into a lock-in amplifier in parallel with a storage oscilloscope (OS 4000, Gould Advance, Hainault, Essex, England). The lock-in amplifier (Ortholock-SC 9505, Brookdeal Electronics Ltd., Bracknell, England) permitted reduction of background noise. Via a reference signal, the amplifier locks on the desired frequency and measures only signals that come in with that frequency.
The input impedance of the electrometer amplifier was I 0' Q and the time constant of the system was -10 ms. Current pulses were delivered with a frequency of 2 Hz and a duration of 250 ms, a time long enough to reach a plateau since the capacitive elements were negligible.
The signals were permanently recorded by means of a Brush recorder with three channels, one of which had double-width pen excursions. Fig.  2 a and b shows two examples of potential tracings. In one situation the external residual potential was vanishingly small, so that corrections of the length constant were unnecessary, whilst in the other case a clear residual potential is seen. Fig. 3 shows a plot of internal and external potentials against distance from the current electrode, and it is seen that at long distances the course deviates significantly from a monoexponential course by being flatter towards the end. The upper curve in Fig. 3 determined by Pythagoras' rule when the electrode coordinates were read in Cartesian coordinates.
The nomenclature of microvessels is ambiguous. Arterial capillaries were vessels before the last branching into true capillaries, whilst venular capillaries were the corresponding microvessels formed by merging capillaries. The distinction between arterioles and arterial capillaries is uncertain (as is also the case for true venules and pericytic venules), but it appeared that there were not significant differences between the permeabilities of smaller or larger vessels on the two sides of the true capillaries so that a rigorous distinction is of minor interest.
To reduce the effect of permanent leaks in the capillary wall induced by the potential electrode, measurements were started at remote points from the current electrode and successively made at closer locations. In experiments where the effect of earlier punctures was studied it was found that when a series of measurements were repeated in the same region of a capillary the potentials were clearly lower, reflecting the fact that the penetration by the microelectrode had left a leak. However, with the recommended direction of measurements (starting at remote locations) this problem should be minimized.
The micromanipulators that carried the electrodes were built in the Institute workshop. They were firmly anchored to bronze T-plates. The stands carrying the electrical step motors could be manually moved in X-Ydirections by means of microdrives allowing movement down to 1 or 2 Aim. The step motors that held the electrodes could be advanced in preset steps down to 2 ,um. The general procedure was to bring the electrode tip close to the capillary wall by means of the micrometer screws and then to make the final push into the capillary by means of the electrical step motor.
RESULTS
Endothelial Electrical Resistance
Altogether, 49 successful experiments were carried out on various types of microvessels, ranging from arterioles over arterial capillaries, true capillaries, and venous capillaries to venules. As seen on Fig. 1 Qcm', n = 26) was found.
If, similarly, the measurements on venous microvessels are taken together an average resistance of 23 Qcm2 (SD = 7.3 Qcm2, n = 20) was found.
Three measurements on true capillaries gave an average resistance of 36 Qcm2, not significantly different from the arterial vessels. This result fully corroborates earlier conclusions that true capillaries do not differ much in their permeability from that of neighboring microvessels (Crone et al., 1978) . Fig. 4 shows histograms of the results of the measurements of resistance.
One 
Reliability of the Measurements
In our first paper about electrophysiological studies on single capillaries (Crone et al., 1978) we emphasized that there are several pitfalls of such techniques and one must be aware of them as far as they can be sorted out. Studies on single vessels require exposure of the tissue for a while and it is becoming clear that there is a tendency for the permeability of, in particular, venous vessels to increase with time. This is an old observation, originally made by Rous et al. (1930) in a study of dye escaping from microvessels of rabbit muscle. They showed that venous vessels do leak dye after some time of exposure. Although it is not known with certainty, it is likely that the leakiness does increase little by little. We did not make systematic studies of this, but tried to keep the experimental time as low as possible. Frokjer-Jensen (1981 showed some increase in leakiness of venous vessels with time in the same muscle preparation; the increase was, however, rather moderate, 10-20% within 2-3 h after exposure. He also showed that it probably was due to histamine liberation from mast cells, since blockage of the histamine (H,)-receptors with promethazine prevented or slowed this development. We did not use pharmacological agents because we wanted to study an unmedicated preparation.
Apart from this potential problem there is no obvious reason why the measurements should not give reliable resistances. There is, of course, a limit to the accuracy with which the vessels' radii can be determined. Because 1 j,m is the limit of accuracy in determination of vessel radius, in a preparation like the present one the error in internal resistance may be -15%. The fact that the substage condensing system was not equipped with lenses that allow focusing in the plane of the preparation meant that full advantage could not be taken of the numerical aperture of the high-power objective, thus reducing the resolving power (Gore, 1982) . The uncertainty of the hematocrit value in the microvessels under investigation adds another inaccuracy and increases the error up to, perhaps, 20-25%.
The applicability of the mathematical model to this tissue is, of course, not perfect. In the model we assume homogeneous conditions in the field outside the experimental capillary. This is not wholly true because the extravascular space consists of interstitium alternating with muscle fibres, but we doubt whether refinement of the model will lead to significant changes of the results we have obtained.
If the resistance values are calculated without reference to the model, and a length constant is determined from a semilogarithmic plot of the direct observations disregarding the distributed resistances outside the capillary, a 10-30% overestimation of the actual endothelial resistance would have resulted because of the effect of the flatter late part of the potential vs. distance curve (cf. Fig. 3 ).
PHYSIOLOGICAL SIGNIFICANCE OF THE RESULTS
Because almost all studies of muscle capillary permeability have been carried out with whole organ techniques and because many potential shortcomings of these techniques have been pointed out (e.g., Michel, 1972) (Crone et al., 1978 , Curry, 1979 and it became apparent that the ionic permeability of these vessels was almost one order of magnitude higher than codified results from heart and muscle, one began to wonder whether whole organ techniques were, after all, suffering from serious shortcomings. The present determinations of electrical resistance allow the permeability of the principal ions in plasma to be calculated. For a permeable membrane separating two identical solutions in the absence of an electrical potential difference, the following general expression applies:
where Gm is the total conductance, R and T have their usual significance and F is Faraday's number (96,490 coul/mol). Pi is permeability, c; is molar concentration, and z; is valency.
In the particular case of frog plasma and interstitial fluid being separated by a capillary membrane with negligible potential difference (-1 mV) one can write RT F2* Gm = PNa CNa + PCI * CCI + PK -CK + PHCO3 * CHCO3-For the whole experimental series the average resistance was 28 Qcm2, equivalent to a conductance of 0.036 -I'cm-2.
We assume that the mobility of the individual ions in the hydrophilic pathways in the capillary wall is the same as in free solution; i.e., there is no selective diffusion restriction or effects of charge upon the diffusion of the small univalent ions. In a rather extensive study of the problem of restricted diffusion of small solutes in continuous capillaries in muscle tissue it was concluded (Crone and Levitt, 1983) that it is unlikely to occur. This implies that the permeabilities are proportional to the limiting conductances. Table II gives the permeabilities for the principal small ions in frog plasma. Strandell and Shepherd (1968) , in experiments on human muscle, found a permeability for sodium of 8.7 x 105 cm s-', and Trap-Jensen and Lassen (1970) got 5.5x10-5cm-s-1.
Permeabilities at 200C are -25% lower than at 370C, therefore, the temperature correction would bring the present figures even closer to figures obtained in experiments on whole organs (cf. also Yudilevich et al., 1968, and Duran, 1977) .
The potassium permeability as calculated above is a little smaller than the figure which Frokjer-Jensen (1982) found on the same preparation using injections of K+-enriched solutions and ion-sensitive electrodes. His figure for PK in arterial capillaries was 7.3 x 10 cm * s (somewhat higher in venules).
The early results on cat hind limb gave significantly higher values for small ion permeability (Pappenheimer, 1953) . Recently, Renkin and Curry (1978) The ion permeabilities are calculated from the total membrane conductance as determined experimentally using the relationship between partial conductance and permeability given in the text. The relative conductances are taken from Harned and Owen (1958) , Table 6 -8-2. The ion concentrations (mmol/l) used in the calculation were Na+, 104; K+, 2,2; Cl-, 74; HCO3-, 25, which are the values in frog plasma (Deyrup, 1964) . Guller et al. (1975) , studying the heart, arrived at 20%. Our value of 8% is, of course, only a rough estimate because of uncertainties about the resistivity of the slit pathway. It is at present unknown whether it is similar to that of plasma or whether it is closer to that of the interstitium. It is hard to judge how much diffusion in a labyrinth of ridges in the junction (Wissig and Williams, 1978) augments the resistivity, but it may well have an effect. If the resisitivity which we have used is an underestimation, it means that the fraction of open slit may be >8%.
In brain endothelium the slit is almost completely closed since the electrical resistance is as high as that of a "tight" epithelium (Crone and Olesen, 1982) . On the other hand, in mesenteric capillaries =90% of the slit may be open (Bundgaard and Frokjer-Jensen, 1982) .
At the present state of knowledge it is tempting to assume that variations in permeability between continuous capillaries are due to a greater or smaller part of the interendothelial junction being closed (Lassen and TrapJensen, 1970) .
There appear to be large variations between permeability figures for individual vessels. This is observed in the present series and in earlier studies on the mesentery (Crone et al., 1978) . It has also been observed in other studies on single vessels (Curry et al., 1976 in the possibility of studying rapid pharmacological effects upon capillary permeability.
The most important conclusion from the present results is that whole organ studies on muscle capillary permeability fit well with results of single vessel studies. specific conductivity of membrane Q -'cm -' specific conductivity of external medium Qcm specific resistance of 1 cm3 blood Q2cm specific resistance of 1 cm3 Ringers solution ND angular coordinate. ND nondimensional. assessed in a mesenteric preparation mounted in a similar way (Frokjcr-Jensen and Christensen, 1979) and found only to be -5 gm. The extracellular diffusion velocity of sucrose was reduced to -20% of the rate of free diffusion in a slab of heart muscle (Suenson et al., 1974, Safford and Bassingthwaighte, 1977) ; thus there is a significant reduction of extravascular conductivity. The factor a, the ratio between the internal and external conductivity (a/la), found by curve fitting, averaged 10.6 (SD = 3.8; n = 50), somewhat higher than expected from the above diffusion measurements. We chose to smear the interstitial conductance over the total available space, thus reducing the specific interstitital conductance by the factor a. The extravascular conductance is probably not homogeneously distributed in the tissue. Roberts and Scher (1982) describe that in heart muscle the conductivity is several times higher in the direction of the muscle fibres than in the transverse direction; a somewhat similar anisotropy may also apply to striated muscle. However, the general agreement between results and theory offers some justification for our approximation.
The following account of the model that we have used in our data interpretation is based upon the analysis by Peskoff and Eisenberg (1974) for a point source in a cylindrical vessel. The analysis in its original version is very detailed. In the following we give an abbreviated description with particular reference to the circumstances in a muscle preparation, but the Peskoff and Eisenberg report should be consulted for further details. The Glossary recapitulates the terminology used in the following.
It is profitable to use cylinder coordinates and use nondimensional variables. x' is the distance in the axial direction, relative to vessel radius, a (Fig. 5 ), x' = xabs/a where Xabs is the physical variable. r' = rab./a is the radial variable relative to the radius, and 0 is the angle. The point source of current is located at (0, R', 0), where R' < 1. R' is the radial distance to current source relative to the radius, R' = Rabs/a. According to Eisenberg, (1973, 1974) a point source in a cylindrical structure where current is switched on at time t = 0 creates a potential V, which is specified by the following Poisson equation (Al), boundary conditions (A2, A3), and initial conditions (A4). The parameters e and a give ratios of conductances as defined in the Glossary.
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The three-dimensional 6-function in Eq. Al represents the location of the current source (0, if, 0) and the unit step function u (t) represents the APPENDIX A The Cable Equation for a Vessel Lying in a Medium of Finite Conductivity A basic condition for the classic cable theory to be valid is that the conductivity of the medium surrounding the cylindrical structure is infinite or, for practical reasons, much greater than that of the inner medium. If this is not the case, the influence of this nonideality must be estimated and corrections made accordingly.
The vessels in m. cutaneous pectoris lie between muscle cells as seen on Fig. 1 Pi PO 0)
current turned on at t = 0. The units for u (t) are amperes, and the scaling for V is V = a * ai * V', where V' is the potential in volts. The boundary condition (A2) expresses continuity of the normal component of a2 times the current density crossing the membrane. The superscripts + andrepresent the conditions just outside and inside the membrane, + with time means just after current injection. The second part of A2 links the membrane current and the electrical properties of the membrane. Boundary condition (Eq. A3) assumes zero potential at infinity: V = 0 at x' = +00 or r' = oo. The initial condition (Eq. A4) expresses that no potential difference (V+ -V-) can appear instantaneously across the membrane, because the membrane capacitance needs a finite time to accumulate charge. This system of equations has been solved by Peskoff and Eisenberg (1974) , and the solution for small values of E, i.e., relatively high membrane resistance at steady state, are given in their Eqs. 3.18 and 3.28. The two Peskoff and Eisenberg equations are printed in Appendix B where it is explained how these rather uninterpretable equations can be rewritten in physically interpretable terms by an expansion in different orders of e as in Eq. A5. The axial variable x' = xabs/a in Eqs. A1-A4 is substituted by the far-field variable x = Xabs/X x' VK, which is a more convenient nondimensional expression.
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Decomposing the first two terms of the exact Peskoff and Eisenberg solution, Eq. 3.18, in the manner indicated in Eq. A5 gives the following result for r' < 1 (internal potential):
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The set of equations for V0, VI, and V2 together constitutes Eq. A6.
Decomposing the first term in the exact Peskoff and Eisenberg solution, Eq. 3.28, one obtains for r' > 1 (external potential):
V2 (x, r') = V [(2y -log 2 + 2 log r')e-x (A7)
The set of equations for V0, VI, and V2 together constitutes Eq. A7.
Because only the first terms of the exact solutions are worked out Eqs. A6 and A7 are approximations. The near field just around the electrode needs a special treatment. The potential profile axially and radially is extremely steep, and the position of the current electrode relative to the vessel wall is here of great importance. In all cases this problem is small about two radii away from the current electrode. For the locations outside the field described above, the model is absolutely not valid (i.e., within very short distances and for large distances as explained). It is seen that for a = 0 (infinite external conductance) the classical result is obtained: exponential decay of the internal potential and negligible potential field on the outside.
Example. Typical values of the parameters are a = 15 Aim; X = 150 Mm; e = 0.5 (a/X)2 = 0.005; E-1/2 = 14.14; (1/2 log e = -0.38;
(1/2 = 0.071; (3/2 log -= 0.0019; E3/2 = 0.00035.
Vin (x) 
In Eq. A8 the radial distances r' and R' to the potential and current electrode are neglected because they are irrelevant in the physical situation. The inner potential (Eq. A8) is seen to consist of two terms. For small values of x the exponential part is of major importance, but for large x the non-exponential term becomes the dominating one. This is illustrated on Fig. 6 . From the expression (A9) describing the external potential it is seen that its magnitude is directly proportional to a. It consists of an exponential term in x, a nonlinear term in x, and a term in x and r', describing the decay of the potential in the direction perpendicular to the vessel. Fig. 6 shows that overestimate of the length constant results if the influence of the outer potential field is disregarded. The error is squared in the expression for the membrane resistance Rm = r,A2 -27ra and a correction is obviously needed. In each experiment an iteration is performed with respect to the two variables e and a. The first value of e = 0.5 (a/X)2 is determined from the measured vessel radius a and the apparent value of X, obtained from a plot of experimentally determined intracapillary potentials at various distances from the current source. A good guess of the value of a can be obtained from the relation between the inner potential and the potential just outside the capillary (Fig. 2a and b Eq. A7 describes a two-dimensional potential field. To illustrate the agreement between theory and experiment, we have made several mappings of the extravascular potential field in response to current injection into the lumen of a vessel and compared it to the field described in Eq. A7. Fig. 7 shows an example, and the fit is satisfactory. This test of the theory was performed in a number of separate experiments with very satisfactory agreement, so that the Peskoff and Eisenberg treatment seems to be directly applicable to the experimental situation in muscle.
APPENDIX B
As described in the main text and in Appendix A the model used rests heavily upon the formal analysis by Peskoff and Eisenberg (1974) . Because their original report is not easily available we give here two important equations from their paper: Eqs. 3.18 and 3.28 which are solutions to the system of equations (A1-A4) in Appendix A for small values of e at steady state.
Internal Potential Peskoff and Eisenberg's Eq. 3.18 Interpreting the equations in physical realities is difficult, but as shown by Peskoff and Eisenberg they can be rewritten in a number of physically interpretable terms in orders ofe using singular perturbation analysis. The problem specified by Eqs. AI -A4 in Appendix A can be decomposed into a number of problems each with a physical meaning corresponding to a single term in an expansion of the potential in orders of E, and it is shown that each term in the Peskoff and Eisenberg Eqs. 3.18 and 3.28 is a solution to one of the physical situations.
The orders ofe chosen to make the expansion are those appearing in the exact solution and it is verified that this is the appropriate expansion that leads to Eq. A5. The individual terms appearing when decomposing the exact solution this way are recognized by inspection of Eqs. A6 and A7 and comparing with the Peskoff and Eisenberg equations.
Peskoff and Eisenberg have evaluated the terms in the Eq. 3.18 giving the potential inside the cylinder for physiologically relevant figures of e and a, and conclude that the exponential integral term which increases for large x is of major significance relative to the exponential term which decreases with increasing x when (x/a) · e-x << e. In a typical case for the muscle capillary with a = 10 and e = 0.005, (x/a) · e-x = e for x = 4.5, and for bigger x the value of the expression blows up, contrary to the physical situation. Thus the limit of the far field must be for x = 2 -2.5, which was also the practical limit in the experimental situation. The exact solution for the outer potential, Peskoff and Eisenberg Eq. 3.28, is only valid in the case I < r' << e-,/2 which approximately means I < r' < 5-6 when e = 0.005.
For the outside potential, Eq. 3.28, the exponential integral is relatively more important in the expansion. The exponential integral terms dominate the exponential for values of x > 1.
